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• THESE NOTES deal with a type of teiii- 
jicrature control unit often used to control 
the temperature of a quartz bar or plate, for 
use as a fr<‘cpH*ney standard or freqmmcy 
monitor. The gi*neral prin<*iples discussed are 
applicable to other ty(K*s of units if account 
is taken of differences in the thermal projier- 
ties of tlie materials or ineditim involved. 

Referring to Figure 1, the conditions of the problem can be visu¬ 
alized as tlu'ee objects, a heater H, a controlled space within a metal 
Im»x B, and a thermostat T, all enclos^'d in some form of thermally 
insulating l*ox. These ihriM! objects ea<’h have heal capacities; they 
are interconnected by thermal im{MMlan('es, along which dro|i6 in lem- 
|NTature occur, dependent on the rate of heat flow' and on tlie values 
of the thermal im|)edan<YS.^ Each of the three objects is also connected 
to the ambient, surrounding the entire unit, by a thermal impedance. 

To reduce the fluctuations in average heat fl<)w', the magnitude of 
which deptmds on tlie sensitivity of tlie tluTmostat and thermal im- 
|M*dance between the tliermostat and heater, it is evident that the 
thermostat should be as sensitive as |M)ssible and tlie thermal im- 
(ledance between heater and thermostat should lie low. 

*0. M. Ilovgaarit. **Anplicalion of Quarts Plat<r« to 
Kadio Tranamitlrra,** /Vue. /./{. fl, AuL 20, ISo. S. 

May, 1932, p. 767. 


Kicl-rb 1. Sriicmalic represcnlatiim of teiii- 
|M*rattire control syHtem comlM>t^*d of a 
licater, i/, u metal box, R, and a thermostat, 
T, in an insulating container. 
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'!'<» nMliir4t ihc fluctuations in teni- 
|MTatiire in the eontrolletl space, the 
iiu|MMlance Iwlweeii the controlled space 
uiul the thermostat should appear as a 
low-pass thermal Alter, to remove the 
variations caused hy the o(>eratin^ 
tem|K*rature difTereiitial of the thermo¬ 
stat. In an elementary form, the metal 
wall of the 1 m>\ s<Tves tliis purpose. The 
fillerini^ action can Iki increased to al¬ 
most any desired dej^ree through the 
use of multi-layer walls and through 
grading or ta|)eriiig the distribution of 
materials forming tlR* wall.’ 

The remaining thermal impedances 
should he as high as [)os8ible. That of the 
heater to the amhient determines the 
power loss, and the cost of operation, of 
the unit; the initial cost of the insulating 
container can therefore lie fairly high. 

I'he heat capacities of the heater and 
thermostat should Ik* low, so that small 
increments in heat energy supplied re¬ 
sult in immediate changes in tem|»era- 
tiire at the thermostat. 

ih*cause of practical considerations, 
such as tlie use of standard forms of re- 

*W. A. MajTWon. '*Th«rnuMtat Ileaigo for Freuuancj Stanil- 
arda,** /»nir. /. U. £.. VuL 16. No. 7, July. 1^. p. 976. lltia 
arlk-lc contain! useful data on tliermal propertiea of com¬ 
mon aubataiicca likely to l>c used in ronfluructing unita of 
tliia deacription. 



sistors for the heater, mountings for the 
thermostat, and materials for the unit. 
the thermal im|K‘dances which should 
be negligibly small can only lie brought 
to effective minimum values. It is the 
purpose of the following discussion to 
indicate how the jK^rformance can Ik* 
improved by effectively etpializing tem- 
|K*rature drops anti by effectively regu¬ 
lating the magiiitutles of im|x*dances 
by electrical rather than mechanical 
means.’ 

In order for the thermostat to o|K*r- 
ate, tile aintmnt of heat energy re- 
leas(*tl in the unit, |K*r thermostat cycle, 
less the energy lost tluring the input 
(K*rit»d must Ik*, at least: 

Af/ = (If . - iro)p7 = USA/’ (1) 

where: 

If i = Rate of heat energy input 
= Heater watts 

If 0 = Hate of heat energy output 
= Loss watts 

/> = 'riicrmostat |K*riod, seconds 
7 = Fraction of the (leriod that heat 
is supplied 

pq = ■'‘ON” time, st*<ronds 
M = Mass ass<K’iated with thermostat 
S = Sjiecific heat of M 
and 

AT = 7Vm|K‘rature differential reqiiireil 
to o|K‘rate thermostat. 

The heat energ> released jier thermo¬ 
stat cycle is: 

Uin “ •/^7 ''alt seconds (2) 

The heat energy lost |)er thermostat 
cycle must Isr the same, or else the tem- 
|K*rature of the unit wouhl <diange: 

//out = ^^ 7^7 "alt secHMids (3) 

*V. J. Andrew, *‘'n»e l>r»ign of Temperature Contrtd Ap- 
paralua for Pieao OMrtilalur*.** Review of Scienlifk' Inatru- 
DtenU. Vol. S. Nu. 7, July. 1632, p. 341. 


Fir.rRE 2. I'erforniaiice of tlicrm<»Hlut iintler 
troiiditioiis t>f no "overetiooting" (A// - 
Htant) and eoiiAtant lioater pttwer {lf\ » con- 
8taiit) for varying ambient tcni(>eratiire. 


Copyriaht. 1944. Gonaral Radio Coaipany, 
Caumbrklae. Mm . U. S. A. 
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'Flic energy lost during the ”ON’' 
lime, or ihe fraction q of the total 
jM'riod. />. is: 

7^out = IF «/?</* watt seconds (4) 

d'lie net heat energy in|nit, |K'r ther¬ 
mostat cycle, is then 

SJI — if>q — ^ xpq^ watt sec. (5) 

= U ipq{\ — q) wall s<*c. (6) 

= (IF .- - iro)pq (1) 

Kroni the last Iwo e<iuations: 

... 

'/ = (-) 

d’he loss from the unit can be ex¬ 
pressed in lerms of its condiiclivilv: 

fr , = J(T - 7 a) walls ' (8) 

where: 

./ = condiictivily of ihe unil lo the 
ambient in watts |>er degree C. 

T = leinjK'raliire of unit, °C. 

Ta — ambient tem|H'rature. °C. 

For a unit approximately 9 inches 
cube, with balsa wooil walls 1 inch 
thick, J = 0.37 approximately. 

The conductivity can Ik* obtained 
approximately by calculation from J — 
K I (L w here K = conductivity of the 
wall material, 4 is the average of inner 
and outer areas, and ti is the thickness 
of the walls. Usually it is more satis¬ 
factory lo determine fTo by observing 
the o{K‘ralion of the thermostat unfler 
known heater |K>w'er (Fquation 7). 

Since the thermostat o|H‘rates l)ctween 
the same "ON” and "OFF” temjKfra- 
tures, Al' (Kquation 1) is constant, and 
consequently All is constant. This im¬ 
plies that there is no "overshooting,” 
that is, that All is no greater than that 
necessary to operate the thermostat. 
We can now' predict the o|>eration of 
the thermostat provided that we <lc- 
lermine the heat energy increment, A/7, 
and the rale of heat loss of the unil, 
IFo. 

Our obvious interest w'ould In* to de¬ 
termine the [)erformajice for constant 


power input and varying ambient tem- 
|>eratures. It will be very useful to de¬ 
termine the performance for constant 
ambient tem[)eralure and varying |iower 
input for tw'o reasons; first, observa¬ 
tions are more easily carried out ami, 
second, "overshooting” is readily dis¬ 
closed. As will be brought out later, the 
performance of a unil may lx* limited 
as much by "overshooting” as by large 
changes in ambient temjxrature. 

Case I — Constant Power Input; 
Varying Ambient 

Since AH is constant and IF'i is con¬ 
stant, we have 

AH Jif i=pq{l — q)=tii^ a constant. (9) 
The operation of the thermostat is 
shown in Figure 2, where the signifi¬ 
cance of the constant tn is evident. 

From (9), we can write 
"ON” time = = to(l - q) 

"OFF” time = p(l — q) h/q (10) 
and PERIOD = p = h/q{\ - q) 

From (9), it is seen that, for an in¬ 
creased input power, to is decreased, 
and that the thermostat ojxralion is 
speeded up. 

Case II —Constant Ambient; 
Varying Power Input 

In principle, this case is covere<l by 
finding a value of /« for each value of 
input power, lU,-, from Equation 9. For 
each value of fo» a of curves like 
those of Figure 2 is obtained, but each 
set is lo a different scale. On each set of 
curves a single operating point is found 
corres|K>nding to the given fixed ambient 
temperature, that is, to the value of 
lUfl. The final over-all characteristics 
would then be the curves connecting 
these operating [X>ints. 

Practically, it is not necessary to plot 
the curves corresponding to each value 
of to. Instead, the operating points can 
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Ik* foiinfl as in the first <-ase, rxeepl that 
there are ilifTerent values oi‘ to lor each 
{>oint. For the fixed ainhieiil leinjK'ra- 
liire. ff 0 it' constant. Therefore, since 
the energy increment A// is constant, 
the heat energy lost during the ""OFF** 
time is constant, or 

rru/>(l — f/) = eon.stant (II) 

the "(TFF'’* tiim* = /f(l — 7 ) 

= <‘onstant ( 12 ) 

and A/7 = (IF, - ff (,)//(/ = constant 

from wliich it is evi<lent that, as ff , is 
increas<*d, the "'ON"’ time, /k/, must 
decrease. 

It i.s important to note Fcpiation 12; 
if, as the input po>\cr is increasc<l, the 
""OFF” lime increases, it is positive evi¬ 
dence of '"overshooting.** 

Kesults for this secon<i case are shown 
in Figure 3. on the basis that A/7 = 93 
watt seconds and I? 0 = 13 watts. As 
the |M>wer input is in«!reased. note that 
the jH*ritMl decreases and that the ""OFF * 
time remains constant. 

In Figure 4 are shown the |H*rform- 
ance curves of a given teni|H-rature con¬ 
trol unit. This unit w as <*onstructed with 
the thermostat mounted on the outer 
fa<’e of the box. H, with the ln*aters dis- 
|K>sed around all six faces of the box. 



but not in direct thermal contai-l with 
the walls of the box.^ This eonstriartion 
insures that the average c*on trolled 
space leinjK’rature will not depart ap¬ 
preciably from the thermostat o|x*rat- 
ing temperature. The variations in con¬ 
trolled space tem|K*rature, as shown in 
Figure 4, are not large, and for many 
purposes woidd not be troublesome. The 
remainder of this discussion is devoted 
to reducing these small variations to the 
greatest possible degree, without mate¬ 
rially altering the mechanical tiesign of 
the unit. 

It is evident that the curves are not 
of the form expected from Figure 3. The 
period decreases at first, as the heater 
power is increased, then passes through 
a minimum and finally im’reases again. 
Tlie ""OFF” time increases, with in¬ 
creasing j)Ower, following the energy 
increment curve; the energv' increment 
is not constant. The aiernge controlled 
space temperature rises as the heater 
power is increased. 

This [K'rformance is largelv due to a 
high thermal iin[K*dance In'tween the 
heaters anti the thermostat. 44ie aver¬ 
age controlled space tein|M*rature, In'ing 
a function of j>ower input, will change 
with any factor causing a change in 
|M)wer input; that is, either ambient 
temfX'rature changes or line voltage change's. 
It will also be noticed that, lK*cause of 
the delay in temperature rise at the 
thermostat (causing the energy iiuTC- 
ment to be too large), the '"OFF** time 
must increase to allow this extra heat 
energy’ to escape. "Fhe ""ON” and ""OFF” 
times are consequently very long. 


*J. K. Clapp, "Trinpcralur** fUmlrul for Frcqu»^nrv Staml- 
arda.” Proc. 1. ft. i’., Vol. 18. No. 12, I IrcfnilM-r, I'.OO, 
pp, 2003. 


Fn;i RE .3. Performance of thermostat under 
conditions of no ''overshooting'’ (AH — con¬ 
stant) and constant ambient tempcrutiire for 
varying heater power, IT',. AH assumed as 95 
watt seconds; IT’o assumed as 13 watts. 
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This unit was modified hy disiiioiiiit- 
iiifj the thermostat from the metal hox 
(enelosinp the eontrolled spa<-e) and 
supjr>orlinp it in sueh a |M>sition that the 
4*ontroIled tem|M‘ratnre was about 63.3®C. 
(instead of 60.()°C., the tliermostat tern- 
f»eratiire). A thermostat heater, of the 
lowest practicable thermal capacity, 
was then wound directly over the ther¬ 
mostat bulb. The thermostat heater 
|)ower was then adjusted so that the 
average controlled space temiR^ratiire 
was close to 60.0°C. The thermostat 
heater was connected in parallel with 
the main heaters. 

This arrangement overcomes the high 
thermal impedance, between the main 
heater and thermostat, hy using a pro- 
|)ortional amount of power clos<‘ to the 
thermostat. (The significance of the dif¬ 
ferences in controlled 8pa<-e tem|M‘rature 
will be discussed later.) 

^ The |)erformance of this arrangement 
is shown in Figure 5. lmme<liately we 
notice that the energy increment and 
''OFF'* time curves are iwarlv hori¬ 
zontal, rising slightly only at the high¬ 
est input jMiwers. The imtmmI of I he 
cycle decreases continuously as the in¬ 
put power is increased. All limes have 
lieen greatly redmx'd. The average con¬ 
trolled space lemfx*rature is constant, 
w ithin tlie limits of accuracy of measure¬ 
ment. (Comparison of Figure 5 with 
Figiu*e 3 shows how^ closely the jK^r- 
forniance follows the theory. 

''Overshooting” has f»een practically 
eliminated at all but the highest input 
powers. It must Ini borne in mind that, 
for any given construction, if excessive 
input |>ower is used, "overshooting” 
can always lie made to occur. 

Figure 5. Performance curves of a piven lem- 
perature control unit, modified by reducing the 
thermal impedance between thermostat and 
heaters, at constant ambient temperature, for 
varjing heater power, /r’<. Compare with Fig¬ 
ures 3 and 4. 



Fici HE 1. Performance curves of a piven tem¬ 
perature control unit, at constant ambient 
temperature, for \aryinp heater [Hiwer. II,. 
Compare with Figure 3. 
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Figtre 6. Schematic reprcticiitation of heat flow 
from a heater, ff, and ecpial temperature aIicIIb 
surrounding the heater. 


Having established a means of pre¬ 
venting'^overshooting,” we next eonsider 
the gradient conditions in the unit. 
Turning to Figure 6, a stories of con¬ 
stant tem|)erature surfaces, at every 
point {)erpendicular to the lines of heat 
flow, can be consiileretl as surrounding 
the heater. (In an actual unit, such sur¬ 
faces would l»e very complex, since there 
are generally several heater units.) The 
thermostat is on one such surface, corre- 
S|>onding to the oj>erating tem[)erature 
of the thermostat. If the metal box, H, 
is inside of, outside of, or on the thermo¬ 
stat surface, the gradient conditions can 
be represented by Figures 7, 8, and 9 
respectively. 

In Figure 7a, the box is assumed to be 
on a constant temperature shell lying 


inside of the thermostat shell as at H, 
Figure 6. At a given ambient tem|K*ra- 
turc, Tau a certain amount of heat flows 
through the thermostat shell. The product 
of this heat flow and the impedance be¬ 
tween the shell ami ambient is the temper¬ 
ature drop from the shell to the ambient, 
7’— Tfli. Now* if the ambient changes to a 
higher value Ta 2 , the heat flow must be 
reduced, since the impedance does not 
change. The average heater temjieralurc 
must therefore l)e reduced, with an ac¬ 
companying proj)ortional reduction in 
tem|ierature of the box, B. In this case, 
as the ambient tem|>erature riaes^ the 
controlled space temperature falls. 

Similar considerations apply to Fig¬ 
ure 7b, except that, as the ambient rises, 
the controlled space teinjierature also 
rises. 

If the box, B, is brought to the tem- 
jieralure of the thermf>stat shell as at B^ 
Figure 6. or vice versa, there should Ik* 
no change in controlled space tempi*ra- 
ture with changes in ambient (Figure 
7c). This can be accomplished by mov¬ 
ing the objects in the assembly relative 
to each other, or by effectively moving 
them through the use of a thermostat 
heater. 

Final adjustment of the thermostat 
heater jKiwer is then made on the basis 
of reducing the changes in controlled 
space temperature, with ambient 
changes, to zero. If the thermostat 






Figure 7 (a, b, c). Schematic representation of gradient conditions, with change of ambient 
temperature, for various relative positions of heater, f/, controlled space, and thermostat, T. 
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heater jx>wer is too small, conditions 
corres|x>nd to Figure 7a; if loo large, to 
Figure 7b; and if correct, to Figure 7c. 
Measurement of the con trolled-space 
temperature for two or more ambient 
lemj»eratures and for different thermo¬ 
stat heater powers will disclose the 
j)ower for which = 0. The small 

readjustment required to bring this 
about does not appreciably alter the per¬ 
formance shown in Figure 5. 

Tests on the unit descTibed in connec¬ 
tion with Figiu’e 5 gave the following 
results: 

STANDARD FREQU 

• A NEW SCHEDULE for l>roa<l- 

casts of standard frequencies and stand¬ 
ard lime intervals was announced by 
the National Bureau of Standards on 
May 22. l^TI. 

'"Fhis service comprises the bn>ad- 
casting of standard frequencies and 
standard time intervals from the Bu¬ 
reau’s radio station WWV near Wash¬ 
ington, O. C. It is continuous at all 
limes day and night, from 10-kilowalt 
radio transmitters except on 2500 kilo¬ 
cycles f>er second where I kilowatt is 
used. The services include: (1) standanl 
radio frequencies, (2) standard time in¬ 
tervals accurately synclu'onized with 
basic time signals, (3) standanl audio 
fre<juencie8, (4) slan<lard musical pilch, 
HO cycles [ter secontl, corresponding to 
\ above middle C. 

'"riic standard frequency broadcast 
service makes widely available the na¬ 
tional standard of frequency, which is of 
value in scientific and other measure¬ 
ments requiring an accurate frequency. 
Any desired frequency may l>e measured 
in terms of any one of the standard fre- 
<iuencies, either audio or radio. Tliis 
may lie done by the aid of harmonics 


Thermostat Healer 
Power — Vi'atts dT/dl], 

0.090 -f 0.018 

0.061 -f 0.0022 

0.043 -0.016 

Flimination of '’^iversluMjling” and 
proper adjustment of the thermostat 

healer j)ower redui*4id the changes in 

controlled space tem|)eralure by nearly 
100 to 1. With the thermostat heater 
power at 0.064 watts, changes in ambi¬ 
ent are reduced by 0.0022 or to l/450th 
within the controlled space. 

—J. K. Claim* 

NCY BRDADCASTS 

and l)eats, with one or more auxiliar> 
oscillators. 

*^\t least three radio carrier frequen¬ 
cies are on the air at all times, to insure 
reliable coverage of the Fnited States 
and other parts of the worhl. The radi<> 
frequencies are: 

2.5 megacycles (= 2500 kilocycles 
= 2,500,000 cycles) per s<*cond, 
broadcast from 7:00 P.M. to 9:00 
A.M., KWT {2m) to 1300 GMT). 
5 megacycles ( = 5000 kilocycles 
= 5,000,000 cycles) j>er s<M*ond, 
broadcast continuously day and 
night. 

10 megacycles (= 10,000 kilocycles 
= 10,000,000 cyt’les) p<*r second, 
broadcast 4’ontinuously day ami 
night. 

15 megacycles ( = 15,000 kihx'ycles 
= 15,000,000 cycles) |K*r second, 
broadcast from 7:00 A.M. to 7:00 
P.M., EWT (1100 to 2300 GMT). 

'^Two standard audio frequenc-ies, 440 
cycles per second and 4000 cycles jier 
second, are broadcast on the radio 
carrier frequencies. Both are broadcast 
continuously on 10 and 15 megacvcles. 
Both are on the 5 megacycles in the 
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rlavtiiiir, bill only tlio IM) in on tin* 
3 nir^afvcles Iroin 7:00 P.\I. to 7:00 
\.\I., KW'r. Onl\ ihe 1 K) is on the 2.5 

'"'riie 110 cycles |K*r sccoinl is the 
sLanilarii nitisical pilch. A above iniildle 
Cl; I he 1000 <*yclcs |K*r second is a iisel iil 
staiidanl audio frei|uency for laboratory 
incasiircincnls. 

*'ln aiblition there is on all carrier fre- 
ijuencies a pulse of 0.005-second dura¬ 
tion >vbicli wcurs at intervals of pre¬ 
cisely one s4M*ond. llic pulse consists of 
5 cycles, each of O.tKIl-second duration, 
and is heard as a faint tick \vhen listen¬ 
ing to the broadcast; it provides a ust^ful 
standard of time interval, for pur{M)ses 
of physical ineasurcinents. and may he 
list'd as an accurate lime signal. On the 
50lli seciuid of <*ver\ minute the pulse, 
is omitted. 

"'I'he audio freipiencies are inter¬ 
rupted precisely on the hour and each 
live minutes tliereafter; after an interval 
of precisely one minute they are re¬ 
sumed. I'his one-rninute interval is pro¬ 
vided in order to give the station an- 
nounceiiKMil and to afldnl an interval 
for the checking of radio-frecpiency 
measurements free from the presen<*e of 
the audio frcipiencies. llie announce¬ 
ment is the station call letters (W \\ V) 
in telegraphu* code (dots and dashes), 


except at. the hour and lialf hour when 
a detaileil announcement is given liy 
voi<*e. 

"The accuracy of all the frequencies, 
radio and audio, as transmitte<l. is bet¬ 
ter than a part in 10,(K)0,000. Transmis¬ 
sion efl’ects in the medium (Doppler 
effect, etc.) may result at times in slight 
lluctuations in the audio frequencies as 
received; the average frequency re¬ 
ceived is, however, as accurate as that 
transmitted. The time interval marked 
by the pulse every second is accurate to 
O.IMIOOl secfmd. The 1-minute, 1-minute, 
and 5-minute intervals, synchronized 
with the seconds pulst's and marked by 
the iH'ginning or ending of the jM'riods 
when the audio frequencies are off, are 
accurate to a part in 10,(MM),(MM). 

"The iH'ginnings of the |)eriods when 
the audio frequencies are off are so syn¬ 
chronized with the basic time servu*e of 
the P. S. Naval Observatory that they 
mark accurately the hour and the suc¬ 
cessive 5-minule jieriods. 

"Of the radio frequencies on the air 
at a given time, the loyvest provides 
service to short distances, and the high¬ 
est to great distances. Keliahle reception 
is in general [lossihle at all times 
throughout the United States and the 
North Atlantic Ocean, and fair recep¬ 
tion throughout the yvorld." 
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